[1] We report on laboratory experiments examining the frictional and hydrologic properties of fault gouge and wall rock along a borehole transect that crosses a major out-of-sequence thrust splay fault within the Nankai accretionary complex. At 25 MPa effective normal stress, the fault zone material is frictionally weak (m 0.44) and exhibits low permeability after shearing (k < 5.5 Â 10 À20 m 2 ). Fault zone samples are weaker and less permeable than the surrounding wall rocks, consistent with their slightly higher clay abundance. All samples exhibit velocity-strengthening frictional behavior over most of the experimental conditions we explored, consistent with aseismic slip at shallow depths. The fault and wall rock both exhibit prominent minima in the friction rate parameter (a À b) for sliding velocities of 1 -10 mm/s ($0.1 -1.0 m/day), comparable to rates for slow slip events. This suggests that the frictional properties of fault zone material play a central role in governing the mode of slip on subduction megathrusts. Citation: Ikari, M. J., D. M.
Introduction
[2] At subduction zones, sediments on the incoming oceanic plate are commonly underthrust beneath a forearc wedge and, at accretionary margins, the upper part of the sedimentary section is off-scraped forming an accretionary prism [Scholl et al., 1980; Underwood, 2007] . As a result, the plate boundary fault localizes within the sedimentary package, often within clay-rich strata [Deng and Underwood, 2001; Moore et al., 2001] . Within the accretionary prism, major out-of-sequence thrust (OOST) faults may splay off of the plate boundary, as in the Nankai subduction zone offshore Japan [Park et al., 2002; Moore et al., 2007] (Figure 1 ). At the Nankai margin, the extent of coseismic rupture for the 1944 Tonankai (M w = 8.1) earthquake determined by tsunami and seismic waveform inversions (Figure 1b) suggests that significant coseismic slip occurred along a major splay fault, termed the ''megasplay'' [Sagiya and Thatcher, 1999; Park et al., 2000; Tanioka and Satake, 2001; Kikuchi et al., 2003 ]. This inference is consistent with theoretical studies that suggest rupture is likely to branch along such structures [Kame et al., 2003] . Interpretations of recent seismic reflection data indicate that the megasplay is tectonically active [Park et al., 2002; Moore et al., 2007] and thus appears to also accommodate long term plate motion. Furthermore, recent work suggests that slow slip may occur along splay faults, both as very low frequency earthquakes [Ito and Obara, 2006] and in the form of postseismic relaxation [Sagiya and Thatcher, 1999] .
[3] The frictional properties of fault rocks are a key control on fault shear strength, as well as rupture propagation and the nature of slip. The mode of fault slip, ranging from aseismic to slow events, tremor and earthquakes, has been correlated with the response of friction to slip velocity perturbations in laboratory experiments [e.g., Marone, 1998; Scholz, 2002] . Fault slip behavior is also closely related to fault-normal permeability. If permeability is sufficiently low, it can facilitate transient changes in strength via shear-enhanced compaction, thermal pressurization by frictional heating, or depressurization induced by dilatancy [e.g., Segall and Rice, 2006] . Previous work on analogs of natural fault gouge has shown that gouge mineralogy, and specifically the presence of clays, is a primary control on shear strength, frictional stability, and permeability [e.g., Morrow et al., 1992; Saffer and Marone, 2003; Crawford et al., 2008; Ikari et al., 2009] . Here, we report the results of shearing and permeability experiments conducted at conditions approximating those in-situ, on material retrieved from the Nankai megasplay fault during Integrated Ocean Drilling Program (IODP) Expedition 316.
Geologic Setting: Nankai Accretionary Complex
[4] The Nankai accretionary complex off the coast of SW Japan is formed by subduction of the Philippine Sea plate beneath the Eurasian plate ( Figure 1 ). As noted above, a major feature of the accretionary complex is an outof-sequence splay fault bounding the seaward edge of the Kumano forearc basin, which branches from the main décollement $50-55 km landward of the deformation front and terminates near the seafloor $25 km from the deformation front [Moore et al., 2007 [Moore et al., , 2009 (Figure 1 ).
[5] We obtained a suite of samples collected during IODP Expedition 316, part of the Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE) [Kimura et al., 2008] . These samples were retrieved from Site C0004 along a depth transect spanning the megasplay fault system, from 119 -439 mbsf (meters below sea floor) (Figures 1 and 2) . The hanging wall (lithologic Unit II, Figure 2 ) is mostly composed of upper to middle Pliocene hemipelagic mudstones, and extends from 78-258 mbsf. The main fault zone of the megasplay (lithologic Unit III) is a fault-bounded package between 258 and 308 mbsf defined by biostratigraphic age reversals [Kimura et al., 2008; Expedition 316 Scientists, 2009] . It is composed of fractured and brecciated mid-Pliocene hemipelagic muds with minor interbedded volcanic ash. The footwall (lithologic Unit IV) is overridden slope apron sediment, consisting of lower Pleistocene finegrained hemipelagic claystones with some sand turbidite layers [Kimura et al., 2008; Expedition 316 Scientists, 2009] . Total clay mineral content generally ranges between $40% -70% within our study interval, plagioclase content ranges from $10% -40%, and minor calcite is present throughout the section. The highest clay contents (and lowest plagioclase contents) occur within the fault zone ( Figure 2 ) [Expedition 316 Scientists, 2009] . We conducted experiments on one sample from the hanging wall, four from the fault zone, and two from the footwall (Figure 2 ).
Experimental Methods
[6] We conducted experiments using a true-triaxial testing machine with servo-hydraulic control. Friction and permeability normal to the shear direction were measured under saturated and controlled pore pressure conditions in the double-direct shear geometry, in which two layers of gouge are sheared between two side forcing blocks and a central block, and fluids are introduced via porous frits at the sample faces (for a detailed description of the experimental configuration see Ikari et al. [2009] ). The hanging wall sample and one footwall sample were tested as intact wafers trimmed from whole-round cores and sheared in a direction parallel to bedding (Figure 2 ). The four samples from the fault zone and a second sample from the footwall were obtained as brecciated mudstone. These samples were dried at $40°C, disaggregated by hand, and sieved to a grain size of <106 mm to remove any remaining large mudstone aggregates, and to limit the effects of grain size and comminution of these aggregates on friction at low shear strains (<$5). Upon saturation and application of normal stress (prior to shearing), layer thickness of the disaggregated gouge was $1.5 mm. The fragile nature of the intact wafers required the use of thicker samples (2.5 to 4 mm prior to shearing).
[7] In each experiment, shear was implemented as a displacement rate boundary condition (11 mm/s) at the gouge layer boundary. Effective normal stress was maintained at 25 MPa, and includes the combined effects of confining pressure (P c ), externally applied normal load, and pore pressure (P p ). During shear, P c was held constant at 6 MPa, pore pressure at the upstream face of the sample (Pp a ) was held constant at 5 MPa, and that at the downstream sample face of each layer (Pp b ) was set to a no-flow (undrained) condition in order to monitor pore pressure [e.g., Ikari et al., 2009] . In order to simulate in-situ conditions, we used 3.5 wt% NaCl brine as pore fluid. After attainment of steady-state shear stress (typically at shear strain of $5), we measured friction constitutive properties using velocity-step tests that consisted of a factor of 3 jump in velocity in the range 0.03-100 mm/s. After shearing, a constant pore pressure gradient was applied across the layer perpendicular to the shear direction, and the resulting steady-state flow rate was used to calculate the permeability (k) by Darcy's law.
[8] We measure the steady-state shear stress (t) prior to the initiation of velocity steps. The coefficient of sliding friction m is calculated by:
where c is cohesion (assumed to be negligible), and s n 0 is the effective normal stress, computed using the average of the pore pressures at the drained and undrained boundaries. We quantify frictional stability using the friction rate parameter (a À b):
where Dm ss is the change in the steady-state coefficient of friction for a change in sliding velocity from V o to V [e.g., Marone, 1998] . Positive values of (a À b) indicate velocitystrengthening behavior, whereas negative values indicate velocity-weakening, a necessary (though not sufficient) condition for stick-slip behavior associated with earthquake nucleation [Scholz, 2002] . We determined values of the friction rate parameter (a À b) and other constitutive parameters using an inverse modeling technique with an iterative least-squares method, using Dieterich's [1979] constitutive law for friction coupled with an expression describing machine stiffness [Reinen and Weeks, 1993; Saffer and Marone, 2003; Ikari et al., 2009] .
Results
[9] All of the samples we tested are frictionally weak, with a coefficient of friction m < 0.5. The weakest samples are from within the fault zone (0.37 m 0.44), and these have significantly lower strength than the surrounding wall rocks (0.41 m 0.47) (Figure 3a) . Post-shear permeability (k) for all of the samples is 7.0 Â 10 À19 m 2 (Figure 3b ). Samples from within the fault zone are uniformly less permeable (2.2 Â 10 À20 < k < 5.5 Â 10 À20 m 2 ) than the surrounding wall rocks (1.5 Â 10 À19 < k < 7.0 Â 10 À19 m 2 ). The low overall values of friction and permeability are consistent with previous experimental studies of saturated clay-rich gouges [e.g., Crawford et al., 2008; Ikari et al., 2009] .
[10] In contrast to the frictional strength and permeability values, the frictional velocity dependence (a À b) is similar for the fault zone and wall rocks. With one exception (sample C0004D-42R-3, 335.42 mbsf), (a À b) is uniformly positive, ranging from 0.0004 -0.0069 (Figures 3c and 3d) . For all of our samples, the lowest values of (a À b), including the one observation of velocity-weakening, occur at slip velocities of 1-10 mm/s. In comparing the intact Underwood (unpublished data, 2009) . Symbols show experimental sample locations superimposed on the column at the appropriate depth. We studied samples: C0004-15X-2, 27R-1, 29R-2, 30R-1, 34R-1, 42R-3, 47R-2, and 42R-3.
footwall sample with the disaggregated and remolded footwall sample, we find that their frictional strength, velocitydependence, and permeability are similar (Figure 3 ).
Implications for Fault Slip and Hydrologic Behavior
[11] Although the samples we tested are lithologically similar to first-order (described as hemipelagic mudstones), material from within the fault zone is consistently weaker than the wall rocks. Samples from within the fault zone also exhibit both lower permeability than the wall rock samples, and low absolute values of permeability. These observations are consistent with slightly higher clay content in the fault zone ($55% vs. $40%), especially in comparison to the footwall [Deng and Underwood, 2001] . Low permeability may facilitate both high ambient pore pressures within the fault zone and transient strength changes during slip. The similarity of frictional strength and permeability for intact wafers and disaggregated gouge suggests that for these relatively shallow samples, lithification and fabric are poorly developed and/or have little effect on mechanical and hydrologic properties.
[12] Frictional velocity dependence is almost always positive and does not vary significantly between samples or as a function of position across the fault zone (Figures 3c  and 3d ). This is consistent with several recent studies showing that clay-rich gouges are generally velocitystrengthening [e.g., Morrow et al., 1992; Saffer and Marone, 2003; Ikari et al., 2009] . The slight differences in mineralogy between the fault zone and wall rocks that appear to influence frictional strength and permeability do not affect the frictional stability, consistent with previous work showing that (a À b) is less sensitive to changes in clay mineral content than is frictional strength [Ikari et al., 2007] .
[13] The overall velocity-strengthening behavior of the fault zone indicates that seismic slip will not nucleate along the megasplay at these shallow depths, and if coseismic slip propagates from a nucleation zone deeper on the fault, it would need to overcome the stabilizing properties of the shallow fault zone for rupture to reach the seafloor. Due to low permeability, this effect would be magnified by dilation-induced depressurization in low-permeability gouge, which would lead to strengthening and further stabilize slip [e.g., Segall and Rice, 2006] . Although coseismic slip may not reach the seabed, other types of transient slip phenomena may propagate along faults with near velocity-neutral frictional behavior [Rubin, 2008] . Our work indicates that seismic slip on deeper parts of the megasplay may ultimately reach the seafloor in the form of postseismic relaxation (earthquake afterslip) [Marone et al., 1991; Perfettini and Ampuero, 2008] , slow slip events, or low frequency earthquakes [e.g., Ito and Obara, 2006] . This is consistent with recent studies documenting reverse faulting focal mechanisms for very low frequency earthquakes in the accretionary wedge that likely initiated on out-of-sequence thrusts [Ito and Obara, 2006] . Postseismic relaxation has been documented in the region of great Nankai earthquakes [Thatcher, 1984] and much of it likely occurs along splay faults [Ito and Obara, 2006] .
[14] Notably, the lowest values of (a À b) in our experiments occur for sliding velocities of 1 -10 mm/s ($0.1-1 m/day) (Figure 3d ). This is slightly higher than the observed dvelocities for slow slip events at the Nankai margin and earthquake afterslip in northeast Japan, reported at 1.1-4.3 Â 10 À8 m/s (0.011-0.043 mm/s) [Ide et al., 2007] , but approximately matches the range of estimated slip velocity of 1.5-5.0 Â 10 À7 m/s (0.15 -0.5 mm/s) for slow earthquakes on the San Andreas Fault in California [Linde et al., 1996; Ide et al., 2007] . Based on our experimental data, the frictional stability of the fault zone should increase at slip velocities >$10 mm/s, which is a condition that favors slow slip by arresting nucleation of a dynamic rupture [Rubin, 2008] .
Conclusions
[15] Shear strength and permeability in the megasplay are low throughout the depth range examined in this study, consistent with its clay-rich lithology. Friction coefficient and permeability of the fault zone are both lower than that of the hanging wall and footwall, which may be related to slightly higher clay content in the fault zone. All samples exhibit stable frictional behavior, also consistent with clayrich lithology, but (a À b) values are relatively insensitive to these mineralogical variations. The velocity-strengthening behavior of the fault zone suggests that seismic rupture is unlikely to reach the seafloor. However, velocity-strengthening friction and the observed consistent minima in (a À b) at sliding velocities of 1 -10 mm/s are favorable for earthquake afterslip and interseismic slow slip events, which may be common at shallow depths along the megasplay.
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